Ionosphere irregularities along the synthetic aperture generate shifts and blurring that cause decorrelation. In this paper it is shown how, by partially focusing SAR images to the height of the ionosphere, it is possible to reduce the ionospheric azimuth effects and increase the coherence. This permits, even in case of turbulent ionosphere, to obtain better accuracies when separating the deformations phase from the ionospheric phase using the delta-k split-band interferometry method.
INTRODUCTION
L-band remote sensing systems, like the future Tandem-L mission ([1]), are disrupted by the ionized upper part of the atmosphere called ionosphere. Ionospheric effects have to be estimated and corrected in order to fulfill the scientific requirements of the mission ([2] ). This work concentrates on the effects that a ionosphere, which is unstable in the flight path direction, has on SAR images and interferograms. We then demonstrate a technique to eliminate these effects and produce high-resolution ionosphere estimates.
The ionosphere is a region of the upper atmosphere composed by gases that are ionized by the solar radiation. For this study we approximate the ionosphere by a thin layer at the altitude H i of the peak of its vertical profile. The effects of the ionosphere on a SAR image are:
• phase advance and range delay, • range defocus, • azimuth shift, • azimuth defocus. Azimuth defocus happens in particular when the correlation length of the ionospheric variations along the flight path of the satellite is shorter than the synthetic aperture length. Ionospheric variations change the impulse response function lowering the coherence and thus the interferogram accuracy.
A method to reduce the effects of an unstable ionosphere, called multi-squint interferometry, is presented in [3] , however, the resolution inside the ionosphere is limited by the system parameters and geometry. In [4] , it is suggested to defocus SAR images to the ionospheric height prior to apply Faraday rotation estimation for measuring the ionosphere, to reduce the effects that ionosphere has on the impulse response function. In this work we demonstrate how, by partially focusing the images, it is actually possible to cancel or reduce the azimuth effects. The coherence is then increased and the estimation of the ionospheric and topographic phase becomes more accurate.
IONOSPHERE IN INTERFEROGRAMS
We neglect the range dimension to simplify the analysis. The geometry is represented in Figure 2 where ψ(x) is the iono- Fig. 1 . System geometry, x is the ground coordinate and η is the satellite position. The ionosphere is modeled as a single layer so that ψ(x) is the ionospheric phase screen. spheric phase screen, H is the height of the satellite orbit, H i is the single layer model height, x is the ground coordinate and η the orbit coordinate.
When a single scatter is located in x = 0 an azimuth line of raw data collected by the satellite at the orbit position η can be written as
where a 0 is the scatter reflectivity, L a is the aperture length, K = 2/λR 0 the azimuth chirp rate and ψ(x) the ionospheric phase screen. The standard azimuth focusing is a convolution with the conjugated chirp:
We notice that if the ionosphere remains stable for
where L i is L a · H i /H, the ionospheric term can be brought outside the integral. This suggests us to rewrite the ionosphere as:
, where ψ m is the average value of the ionosphere inside the aperture length projected at the ionosphere height L i and ψ d is the average derivative of the ionosphere:
If ψ r (η) can be assumed negligible, Equation (2) becomes
while, if ψ r (η) becomes relevant the sinc function is blurred and the interferometric coherence drops. An accurate coregistration can corrects the shifts due to ψ d , which also lower the coherence. If the ionosphere derivative is highly variable, however, it is possible that the shifts are not well estimated. Equation (4) shows how ψ m is the phase measured by an interferogram, the average of the ionosphere contained in the aperture. The target shift along azimuth gives an estimate of the average derivative of the ionosphere inside the aperture. In conclusion, a standard interferogram only shows the azimuth filtered low-pass portion of the ionosphere, while the high-pass portion lower the interferogram quality.
PARTIAL FOCUSING
In this section we derive the result of a partial focusing and demonstrate how it can expose the ionospheric phase screen and cancel the azimuth effects. Cosider the raw data acquisition as:
where a(x)e jα(x) is the ground reflectivity and phase, representing distributed scatterers. The focusing is performed using the following modified chirp:
where C is a constant. The semi-focused data are thus
where φ(u) is a phase term containing the chirp phase terms and the ionosphere:
Equation (7), which contains an integral of an oscillating phase term φ(u), can be solved using the stationary phase method. The stationary phase point u 0 can be found by searching the value of u for which the phase derivative φ (u) is zero:
We assume that the derivative of the ionospheric phase term ψ does not change the position of u 0 and that it can be neglected. By choosing C equal to H/(H − H i ) Equation (7) becomes:
The ionospheric phase screen e jψ(η) is now superimposed to the semi-focused data without being low-pass filtered and without to interfere with the impulse response function. The resolution of the semi-focused azimuth line of Equation (10) depends on the length of the aperture, projected at the ionosphere height. The gain factor of the focusing process is reduced because of the just partial focusing. Since this is counterbalanced by the increment of the resolution cell, the coherence does not change. The achievable accuracy of coregistration by cross-correlation also depends on the resolution cell, leading to a less precise coregistration accuracy measured in meters. Nevertheless, the coherence degradation due to miscoregistration is proportional to the resolution cell, therefore, since the accuracy measured in fractions of resolution cell is the same, we do not expect a loss of coherence. On the contrary, since the impulse response function is no more modified by the ionospheric phase, all azimuth effects are canceled, leading to an increase of the coherence. The more turbulent the ionosphere was, the bigger the increase is, therefore, the semi-focusing processing is only useful when the images are severely degraded by a turbulent ionosphere. Techniques like Delta-k or Phase-Group Delay Difference ( [5] ) can then be applied to separate the two components, topographic and ionospheric, of the interferometric phase and to obtain a highresolution estimation of the ionosphere.
Semi-focused images are in a sort of opposite plane with respect to focused images. The topographic phase, in fact, results low-pass filtered in semi-focused images because of the resolution decrease, while, to the ionospheric phase happens the opposite. Moreover, azimuth variations of the topographic phase generate shifts in semi-focused images like azimuth variations of the ionospheric phase do to focused images. A variation of half a cycle or more, inside the same resolution cell, reduces the coherence of semi-focused to zero. Therefore, the topographic and/or deformation phase has to be removed prior to defocusing. If an a priori knowledge of the ground phase cannot be obtained, an azimuth split-band processing of the semi-focused images could be implemented to avoid the coherence loss.
NUMERICAL SIMULATIONS
Simulations are used to test the effects of a turbulent ionosphere on InSAR and to test the presented algorithm. A ray tracing simulator with the parameters of the proposed mission Tandem-L is used to produce raw data azimuth lines using distributed targets as ground scene model. The turbulent ionospheric phase screen used in the simulations are produced by filtering white Gaussian noise with the power spectral density function ( [6] ):
where T is a scaling constant, f 0 is related to the outer scale length l 0 and p is the spectral index. Typical parameters of the model for different test cases, considering strong and weak scintillation levels, have been generated using the Global Ionospheric Scintillation Model (GISM). In Figure 2 is shown an example of a generated phase screen in case of severe scintillation. In the following are presented the results of the simulation done using the phase of Figure 2 . In Figure 3 can be seen the coherence of focused data, represented with a black line, which is quite low due the azimuth shifts and blurring. The red line represents the coherence after the coregistration step. Since ionospheric azimuth effects are absent in semi-focused images, the coherence (blu line in Figure 3 ) is fully recovered. Figure 4 shows the unwrapped interferogram from the focused and semi-focused data, along with the real and the lowpass filtered ionosphere. As expected, the interferogram is related to the low pass ionosphere, filtered by the aperture length. The interferogram from semi-focused, on the contrary, follows the true ionosphere.
REAL DATA EXAMPLE
A quad-pol PALSAR image pair is used to test the method on real data. The master image was acquired at 7:30 on April 1st 2007 and the slave on May 17th 2007. The coherence is quite low due to the vegetated terrain and due to a sudden change in the TEC level located in the top part of the image. The coherence, averaged along the range direction, is represented in black in Figure 5 , while the coherence after the defocusing in blue. An improvement of the coherence can be seen in particular in areas where the ionosphere change was sudden and of high magnitude. This improvement is also visible comparing the two interferograms in Figure 6 . The interferogram from semi-focused images, on the right, shows much more clearly the fringes of the ionosphere steep slope.
CONCLUSION
The theoretical derivation of the semi-focusing technique, a simulation for a severe scintillation scenario and a real data example has been presented. It has been demonstrated that the semi-focusing can cancel azimuth effects and expose the true ionospheric phase screen. In case the images are disrupted by the electron density variations along the flight path, the semifocusing is able to recover the coherence permitting a better estimation and removal of the ionosphere. 
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